Olfaction, which is an important physiological function for the survival of mammals, is controlled by a large multigene family of olfactory receptor (OR) genes. Fishes also have this gene family, but the number of genes is known to be substantially smaller than in mammals. To understand the evolutionary dynamics of OR genes, we conducted a phylogenetic analysis of all functional genes identified from the genome sequences of zebrafish, pufferfish, frogs, chickens, humans, and mice. The results suggested that the most recent common ancestor between fishes and tetrapods had at least nine ancestral OR genes, and all OR genes identified were classified into nine groups, each of which originated from one ancestral gene. Eight of the nine group genes are still observed in current fish species, whereas only two group genes were found from mammalian genomes, showing that the OR gene family in fishes is much more diverse than in mammals. In mammals, however, one group of genes, ␥, expanded enormously, containing Ϸ90% of the entire gene family. Interestingly, the gene groups observed in mammals or birds are nearly absent in fishes. The OR gene repertoire in frogs is as diverse as that in fishes, but the expansion of group ␥ genes also occurred, indicating that the frog OR gene family has both mammal-and fish-like characters. All of these observations can be explained by the environmental change that organisms have experienced from the time of the common ancestor of all vertebrates to the present.
Olfaction, which is an important physiological function for the survival of mammals, is controlled by a large multigene family of olfactory receptor (OR) genes. Fishes also have this gene family, but the number of genes is known to be substantially smaller than in mammals. To understand the evolutionary dynamics of OR genes, we conducted a phylogenetic analysis of all functional genes identified from the genome sequences of zebrafish, pufferfish, frogs, chickens, humans, and mice. The results suggested that the most recent common ancestor between fishes and tetrapods had at least nine ancestral OR genes, and all OR genes identified were classified into nine groups, each of which originated from one ancestral gene. Eight of the nine group genes are still observed in current fish species, whereas only two group genes were found from mammalian genomes, showing that the OR gene family in fishes is much more diverse than in mammals. In mammals, however, one group of genes, ␥, expanded enormously, containing Ϸ90% of the entire gene family. Interestingly, the gene groups observed in mammals or birds are nearly absent in fishes. The OR gene repertoire in frogs is as diverse as that in fishes, but the expansion of group ␥ genes also occurred, indicating that the frog OR gene family has both mammal-and fish-like characters. All of these observations can be explained by the environmental change that organisms have experienced from the time of the common ancestor of all vertebrates to the present.
birth-and-death evolution ͉ multigene family ͉ vertebrate evolution V ertebrates can discriminate among thousands of different odor molecules in the environment. Odor molecules are detected by olfactory receptors (ORs) that are expressed in sensory neurons of olfactory epithelia in nasal cavities (see refs. 1-3 for review). ORs are encoded by a large multigene family, which consists of Ϸ1,000 different genes in mammalian species. They are G protein-coupled receptors (GPCRs) that contain seven ␣-helical transmembrane regions. OR genes are Ϸ310 codons long on average, do not have any introns in their coding regions, and form genomic clusters that are scattered on many chromosomes. The OR gene family in each species is considered to reflect the ability of olfaction of the species, because different OR genes are thought to bind to different sets of odor molecules.
Analysis of whole-genome sequences has shown that in humans, there are Ϸ800 OR genes, but Ϸ50% of them are pseudogenes (4, 5) , whereas in mice, there are Ϸ1,400 OR genes, and the fraction of pseudogenes is Ϸ25% (6) (7) (8) (9) . OR genes were first identified from rats (10) . In nonmammalian vertebrates, OR genes have been identified from lampreys (11) , catfish (12) , zebrafish (13, 14) , goldfish (15) , medaka fish (16, 17) , Japanese loaches (18) , Xenopus laevis (19) , and chickens (20) , although the numbers of genes identified are relatively small.
Currently, it is widely accepted that vertebrate OR genes can be classified into two different classes, class I and II genes (21) . All of the fish genes are believed to belong to class I genes, and for this reason, they are referred to as ''fish-like'' genes. By contrast, class II genes are called ''mammalian-like'' genes, because the majority of mammalian OR genes belong to class II genes. X. laevis is known to have both types of genes. Class I genes are exclusively expressed in the water-filled lateral diverticulum of the nasal cavities and are similar to known fish genes, whereas class II genes are expressed in the air-filled medial diverticulum and are similar to known mammalian genes (19) . From this observation and others (22) , it has been proposed that class I genes are specialized for detecting water-soluble odorants, and class II genes are for recognizing airborne odorants (19) . A small number of class I genes were found in humans, but they were considered to be evolutionary relics (23) . Later, however, an extensive search of OR genes from the human and mouse genome sequences revealed that mammals have a substantial number of class I genes (4, 6) . Therefore, the functional difference between class I and II genes is now unclear (6, 24) .
The purpose of this paper is to study the evolutionary dynamics of this huge multigene family in vertebrates. For this purpose, we first identified OR genes from the draft genome sequences of zebrafish, pufferfish, Xenopus tropicalis, and chickens. We then conducted large-scale phylogenetic analyses by using these genes and compared OR gene families among various vertebrate species.
Materials and Methods
Database Search for Known Fish, Amphibian, and Avian OR Genes. To collect full-length sequences of functional OR genes in nonmammalian vertebrates, we conducted BLASTP searches (25) against the DAD database (all of the amino acid sequences) on the DNA Databank of Japan (DDBJ) web site (www.ddbj.nig.ac.jp) with the E value below 1e-05. A human class I OR gene (HsOR11.3.2, OR4F16) and a class II gene (HsOR1.1.4, OR52B4) were used as queries. For the names and sequences of human OR genes, see ref.
5. Here the nomenclature adopted by the HUGO Gene Nomenclature Committee is also presented (www.gene.ucl.ac.uk͞ nomenclature).] From the hits obtained by homology search, mammalian genes and sequences Ͻ250 aa long were excluded. The remaining sequences were used for further analysis. We constructed a neighbor-joining (NJ) phylogenetic tree (26) by using the remaining sequences and 388 functional OR genes identified from the complete human genome sequences (5) . OR genes formed a monophyletic clade supported with a high bootstrap value (Ͼ90%) and were therefore easily distinguishable from non-OR GPCR genes. We excluded these non-OR genes and obtained 106 nonredundant full-length functional OR genes. (25) with the E value below 1e-10 against these genome sequences by using 106 fish͞amphibian͞avian OR genes obtained (see above) and 388 human functional OR genes (5) as queries.
We identified functional OR genes from the BLAST hits obtained above in the following way, which is modified from the method used in our previous study (5) . We first excluded the sequences Ͻ250 aa (criterion 1 in Fig. 3 ). When a sequence contained interrupting stop codons or frameshifts, the longest sequence between a stop codon͞ frameshift and another stop codon͞frameshift was considered, and if the longest sequence was Ͻ250 aa, it was excluded. Some of the remaining sequences (sequences of Ն250 aa) were also excluded by additional filtering processes (criteria 2 and 3). Because a BLAST hit may not cover the entire coding region of a gene, we extended the DNA sequence of each of the BLAST hits to both 3Ј and 5Ј directions along the chromosome and extracted the longest sequence that starts with the initiation codon ATG and ends with the stop codon. All of the sequences were translated into amino acid sequences. A multiple alignment for these amino acid sequences and the sequences of 388 human functional OR genes (5) was constructed by using the program FFT-NS-I (29) , and appropriate positions of the start codon were chosen by visual inspection. We then assigned seven transmembrane regions according to Man et al. (30) . The sequences containing long deletions or insertions within transmembrane regions were excluded by visual inspection (criterion 2). The remaining sequences may include non-OR GPCR genes. To exclude non-OR GPCR genes from the remaining sequences, we constructed a phylogenetic tree (see below) by using all of these sequences and several known non-OR GPCR genes collected from the DDBJ database. The non-OR GPCR genes formed a monophyletic clade with some of the remaining sequences in the phylogenetic tree. We regarded these sequences as non-OR genes and excluded them from our data set (criterion 3). The distinction between OR genes and non-OR genes was clear, and there were no gray-area genes. The remaining sequences were regarded as functional OR genes.
As a result, we obtained 608 functional OR genes from the draft genome sequences of the four species. We conducted a TBLASTN search against these draft genome sequences once again by using the 608 OR genes as queries. All of the processes described above were repeated for the additional BLAST hits newly obtained by the second-round TBLASTN search. We then obtained 18 more functional OR genes, most of which were type 2 genes (see Fig. 1B ). We therefore identified 626 functional OR genes in total from the four species.
We next detected OR pseudogenes and partial sequences of OR genes from the BLAST hits obtained by conducting TBLASTN search against the draft genome sequences. We excluded BLAST hits Ͻ50 aa long (criterion 4 in Fig. 3 ), because it is difficult to distinguish between OR and non-OR genes for short sequences. Each of the BLAST hit sequences was translated into an amino acid sequence, and BLASTP (25) search was conducted against the DAD database on the DDBJ web site (www.ddbj.nig.ac.jp) by using the translated amino acid sequences as queries. A BLASTP search was also conducted against the 626 functional OR genes from the four species and 388 functional OR genes from humans. When the best hit of a given query was an OR gene, we regarded the query sequence as an OR pseudogene or a partial sequence of an OR gene. Otherwise, we regarded the query sequence as a non-OR gene and excluded the sequence from our data set (criterion 5). OR pseudogenes were clearly distinguishable from non-OR genes by using this procedure.
Phylogenetic Analysis. Phylogenetic trees were constructed in the following way. Translated amino acid sequences were aligned by the program FFT-NS-I (29) . Poisson correction distances (31) were calculated after all alignment gaps were eliminated. A phylogenetic tree was constructed from these distances by using the NJ method given in the program LINTREE (32) .
Classification of Functional and Nonfunctional OR Genes. The functional OR genes from zebrafish, pufferfish, X. tropicalis, and chickens were classified into groups ␣-on the basis of the phylogenetic tree in Fig. 1 . The classification of OR pseudogenes and partial sequences into the nine groups was done in the following way. In this analysis, we used 1,088 OR genes containing all of the functional OR genes identified from the four species and humans and all of the nonredundant functional OR genes in fishes, amphibians, and birds collected from the public database. We conducted a BLASTP search against the 1,088 functional OR genes by using the translated amino acid sequence of each of the OR pseudogenes and OR partial sequences as a query. The query sequence was assigned to the group to which the best hit of the query belonged.
Results
OR Genes in Zebrafish, Pufferfish, X. tropicalis, and Chickens. We identified OR genes from the draft genome sequences of zebrafish, pufferfish, X. tropicalis, and chickens by conducting a homology search (see Materials and Methods). Table 1 shows the numbers of functional OR genes identified for these four species. Note that these numbers are the minimal estimates, because the genome sequencing of the four species has not been completed. Therefore, an OR gene may be split into two different contigs, or a part of a gene sequence may be missing from the draft genome sequence. In Table 1 , therefore, the sequences identified as pseudogenes or partial sequences may contain a considerable number of functional genes.
As shown in Table 1 , the numbers of OR genes found from the zebrafish and pufferfish genomes are close to the previous estimate from catfish (Ϸ100; ref. 12). We found that X. tropicalis has a larger number of functional OR genes than humans. We identified only 78 functional genes of Ͼ500 OR gene sequences in the chicken genome. However, the actual number of functional OR genes in the chicken genome appears to be much larger than 78, because the chicken draft genome sequence includes numerous short contigs that are a few kilobases long. (Approximately one-half of the contigs are shorter than 2 kb.) The lists and the nucleotide and AF283561 for zebrafish genes; AB031380 and AB031383-AB031385 for pufferfish genes; and Z79585 and Z79587-Z79589 for chicken genes. (B) Condensed phylogenetic tree (31) at the 70% bootstrap value level for 310 functional OR genes and two outgroup non-OR GPCR genes. This condensed tree was produced from the NJ tree shown in Fig. 4 by assuming that all of the interior branches showing Ͻ70% bootstrap values had branch length 0. Bootstrap values obtained from 1,000 replications are shown for major clades. Black and white dots at nodes indicate the branches supported by Ͼ90% and Ͼ80% bootstrap values, respectively. (I) or (II) after the name of an OR gene group (␣-) indicates class I or II in the currently accepted classification of vertebrate OR genes. As the outgroup (Outgp), the bovine adenosine A1 receptor (GenBank accession no. X63592) and rat ␣2B-adrenergic receptor (AF366899) were used. As for group ␥ genes, four representative genes from zebrafish (Dr3OR5.4), X. tropicalis (Xt1OR1178.1), chickens (Gg2OR5.8), and humans (HsOR11.18.9, OR10G6) were used. Fish and amphibian OR genes found in the DDBJ database were also included. The color code for each bar showing the species is the same as in A. Four X. laevis genes (AJ249404 and AJ250750 -AJ250752) are indicated by the same color (green) as X. tropicalis. Fish genes from the species other than zebrafish and pufferfish are shown by gray bars with their names: Carp, common carp (Cyprinus carpio, AB038166); Catfish, channel catfish (Ictalurus punctatus, L09217-L09225); Goldfish, goldfish (Carassius auratus, AF083076 -AF083079); Lamp, European river lamprey (Lampetra fluviatilis, AJ012708 -AJ012709); Loach, Japanese loach (Misgurnus anguillicaudatus, AB115055-AB115078); Medaka, Japanese medaka (Oryzias latipes, AB022646 -AB022647 and AB029474 -AB029480); Salmon, Atlantic salmon (Salmo salar, AY007188).
amino acid sequences for the OR genes identified in this study are available as Tables 3-6 and Data Sets 1-8, which are published as supporting information on the PNAS web site. Several functional OR genes in the DDBJ database were not assigned to the genomes but are used for the phylogenetic analysis in addition to the genes identified from the genome sequences.
Phylogenetic Analysis. To examine the evolutionary relationships among the functional OR genes obtained above, we constructed a NJ tree for 1,026 amino acid sequences of all functional genes identified from the zebrafish, pufferfish, X. tropicalis, chicken, and human genome sequences (Fig. 1 A) . Here we did not use mouse OR genes, because they are evolutionarily close to human genes, as shown in previous studies (6, 9) . Fig. 1 A shows that human class II OR genes form a monophyletic clade with most of the OR genes from X. tropicalis and chickens, and this clade is supported with a 98% bootstrap value. We refer to the genes included in this clade as group ␥ genes. Group ␥ genes are equivalent to class II genes for humans or mice. (OR gene groups are determined on the basis of the phylogenetic tree in Fig. 1B ; see below.) Approximately 90% of the functional genes in X. tropicalis or chickens are group ␥ genes, and this fraction is similar to that in humans or mice ( Table 2) . Fig.  1 A also indicates that group ␥ OR genes rapidly expanded during a short period in the X. tropicalis lineage (clades a and b) and chicken lineage (clade c; ref. 28) . We found that one zebrafish gene (indicated by the arrow sign in Fig. 1 A) is included in the group ␥ gene clade, although it had been thought that fishes do not have any class II genes.
To examine the evolutionary relationships among non-group-␥ OR genes, we constructed another NJ tree after excluding all group ␥ genes except four representative genes from zebrafish, X. tropicalis, chickens, and humans. We also used fish and amphibian functional OR genes found in the DDBJ database. As the outgroup, two divergent non-OR GPCR genes were used. In Fig. 1B , we showed a condensed tree at the 70% bootstrap value level to understand the relationships of different clades (31) . Note that this tree presents the topology only, and the branch lengths do not reflect evolutionary distances. The original tree used for constructing the condensed tree is shown in Fig. 4 , which is published as supporting information on the PNAS web site. Fig. 1B shows that all of the OR genes identified in this study formed a monophyletic clade with a 100% bootstrap support. This OR gene clade was divided into two phylogenetic clades supported with 89% and 99% bootstrap values. We named the genes contained in these clades type 1 and 2 genes. All of the known OR genes found in the public database were type 1 genes, whereas type 2 genes were previously undescribed. Because the function of type 2 genes is unknown, type 2 genes may be non-OR genes (see Discussion). However, for simplicity, here we call them OR genes, because type 2 genes are more similar to known (type 1) OR genes than to any other non-OR GPCR genes. This is supported by the following facts: (i) type 2 genes formed a monophyletic clade together with known OR genes in a phylogenetic tree when all non-OR GPCR genes obtained by BLASTP search were included, and (ii) the best hit of a type 2 gene was always an OR gene rather than a non-OR GPCR gene when a BLASTP search was conducted against all known genes in the DDBJ database. The type 1 gene clade included lamprey genes, suggesting that the separation between type 1 and 2 OR genes occurred before the divergence between jawed and jawless vertebrates (see Discussion).
As shown in Fig. 1B , type 1 and 2 gene clades are subdivided into several phylogenetic clades supported with high bootstrap values. Here we define an OR gene group for jawed vertebrates by taking a well supported phylogenetic clade that diverged before the divergence between fishes and tetrapods. When such a clade was nested in another larger clade, we adopted the smaller one. In other The numbers in parentheses represent the percentage of genes for each group. Funct, functional genes; Total, total number of genes including functional genes, pseudogenes, and partial sequences. *(I) and (II) indicate class I and II, respectively, in the currently accepted classification of vertebrate OR genes. Groups , , and were newly identified in this study and therefore are neither class I nor class II. † The data for humans and mice were obtained from refs. 5 and 9, respectively. words, each group corresponds to at least one ancestral OR gene in the most recent common ancestor (MRCA) between fishes and tetrapods. For example, group clade was supported with a 99% bootstrap value, and this clade contained a tetrapod-and a fishspecific clade, suggesting that the MRCA between fishes and tetrapods had at least one ancestral group gene. Similarly, the clades determining groups ␤, ␥, ␦, , , and were supported with high (Ͼ80%) bootstrap values, and each of them contained both fish and tetrapod genes. Groups ␣ and are tetrapod-and fishspecific, respectively. However, Fig. 1B indicates that both group ␣ and genes diverged from other group genes before the fishtetrapod divergence, because all other groups (␤, ␥, ␦, and ) in type 1 clade were well supported and contained both fish and tetrapod genes. Moreover, the monophyly of group ␣ and genes was not supported, because group ␣ genes formed a monophyletic clade with group ␤ genes in Fig. 1B , suggesting that group ␣ and genes originated from different ancestral genes in the MRCA of fishes and tetrapods. Group was supported only with a 67% bootstrap value (see Fig. 4 ), and therefore this group is not represented as a monophyletic clade in Fig. 1B . However, for simplicity, we regarded that group is a monophyletic group. In this way, we classified type 1 and 2 genes into six (␣-) and three groups (, , and ), respectively. Note that one group may correspond to two or more ancestral genes in the fish-tetrapod MRCA. Therefore, this classification gives a minimal estimate of the number of ancestral OR genes in the MRCA between fishes and tetrapods. All of the human class I genes belonged to group ␣. However, known fish OR genes found in the public database, which are also called class I genes, belonged to four different groups, ␤, ␦, , and . Therefore, class I genes correspond to genes belonging to five groups (␣, ␤, ␦, , and ) in our new classification, whereas class II genes correspond to group ␥ genes.
We also classified OR pseudogenes and partial sequences into the nine groups defined above. Table 2 shows the numbers of functional and nonfunctional OR genes belonging to different groups in six species. The distribution of OR genes in the nine groups is quite different among species. Zebrafish have genes belonging to all groups except group ␣. By contrast, humans and mice have only group ␣ and ␥ genes. (We conducted a TBLASTN search against human and mouse genome sequences by using all of the functional OR genes identified in this study as queries. However, we did not find any OR functional genes or pseudogenes belonging to the groups other than ␣ or ␥.) Almost all chicken OR genes belong to either group ␣ or ␥, but one putatively functional gene belonging to group was also found. The OR genes in X. tropicalis belong to all of the different groups except group . Most X. tropicalis genes are group ␥ genes, which are very rare in fishes but are abundant in mammals or birds. However, X. tropicalis also have a considerable number of group ␦ genes, which are common in fishes.
Discussion
Evolution of Vertebrate OR Genes. The results in Table 2 can be summarized as follows. (i) Although the total number of OR genes is much smaller in fishes than in mammals or birds, the diversity of an OR gene family is much larger in fishes. (ii) OR gene groups present in mammals or birds (groups ␣ and ␥) are absent or very rare in fishes and vice versa. (iii) The OR gene family in amphibians is as diverse as that in fishes, but the majority of OR genes in amphibians and mammals or birds belong to the same group (group ␥). In other words, the OR gene repertoire in amphibians is similar to that in fishes in one aspect and to that in mammals or birds in another aspect. As we have mentioned, it is possible that type 2 genes are actually non-OR genes. Note, however, that observations i-iii do not essentially change even if we confine our argument only to type 1 OR genes. The presence or absence of OR gene groups in the organisms living in the aquatic environment (fishes and amphibians) and those in the terrestrial environment (amphibians, birds, and mammals) suggests that group ␣ and ␥ OR genes are specialized for detecting airborne odorants, and other group genes are for detecting water-soluble odorants.
Observations i-iii can be well understood by considering the long-term evolution of vertebrate OR genes (Fig. 2) . As we mentioned earlier, the divergence between type 1 and 2 genes appears to have occurred before the divergence between jawed and jawless vertebrates. Therefore, the MRCA between jawed and jawless vertebrates is thought to have had at least two OR genes. Here we should note that another family of OR genes in lampreys (L1OR) has been reported (1, 33) . However, we did not use L1OR genes, because L1OR genes are more similar to non-OR GPCRs such as histamine receptors than to any OR genes used in this study (data not shown), and thus the evolutionary origin of L1OR genes is different from that of the OR genes.
As indicated in Fig. 1B , the MRCA between fishes and tetrapods was estimated to have had at least six type 1 and three type 2 OR genes. Group ␣ genes are specific to tetrapods, suggesting either that this group of genes have been lost in the fish lineage or that fish group ␣ genes have not yet been found. Fish-specific group genes can be explained in a similar manner. The MRCA between fishes and tetrapods is believed to have lived in the sea, and the OR genes in the MRCA therefore should have detected water-soluble odorants. Fishes retain OR genes belonging to almost all of the nine groups at present, probably because their environment has not changed substantially compared with that of the MRCA. In the tetrapod lineage, group ␣ and ␥ genes apparently acquired the ability to detect airborne odorants at the time of terrestrial adaptation. After that, the OR genes specific to water-soluble odorants, i.e., genes other than group ␣ or ␥ genes, appear to have been lost in the mammalian and avian lineages. Although the number of different OR gene groups substantially decreased in mammals and birds, the number of different OR genes, especially those belonging Fig. 2 . Evolutionary dynamics of vertebrate OR genes. The MRCA between jawed and jawless vertebrates had at least two ancestral OR genes, type 1 (gray circle) and type 2 (gray triangle). In the jawed vertebrate lineage, the ancestral type 1 genes had diverged to group ␣-genes (colored circles), whereas ancestral type 2 genes became group , , and genes (colored triangles). The MRCA between fishes and tetrapods had at least nine ancestral genes corresponding to the nine groups. At present, some extant fish species retain OR genes belonging to eight different groups except group ␣, which is illustrated by five colored circles and three triangles. In the mammalian lineage, seven groups of genes have been lost, but the number of group ␣ (a red circle) and ␥ genes (a blue circle) have greatly increased to generate an enormous OR gene family. Expansion of group ␥ genes is also observed in amphibians, but they have genes belonging to eight different groups. The OR gene repertoire in birds (not shown) is similar to that in mammals. The divergence times between jawed and jawless vertebrates and between fishes and tetrapods were obtained from ref. 35. to group ␥, have enormously increased. In the amphibian lineage, both the OR gene groups for detecting water-soluble odorants and those for airborne odorants are still present, reflecting that amphibians have adapted to both aquatic and terrestrial environments. Group ␥ gene expansion was observed in every tetrapod species examined, including amphibians. The reason for the expansion of group ␥ genes is unclear, but it is possible that more OR genes would have been required in the terrestrial than in the aquatic environment.
As we have seen above, the evolutionary dynamics of an OR gene family is characterized by processes in which some gene lineages have produced many descendants, whereas other gene lineages have been completely lost. Therefore, the OR multigene family is an excellent example of birth-and-death evolution (5, 9, 34) .
Classification of Vertebrate OR Genes. As we have mentioned, it is currently accepted that all vertebrate OR genes can be grouped into fish-like class I genes and mammalian-like class II genes. However, our phylogenetic analysis (Fig. 1B) suggested that vertebrate OR genes reported so far (i.e., type 1 OR genes) are classified into at least six different groups. This difference can be explained in the following way. The classification of OR genes into class I and II genes is primarily based on Freitag et al.'s study (19) , which proposed that X. laevis have two different classes of OR genes, one (class I) being similar to known fish genes and the other (class II) being close to known mammalian genes. Our phylogenetic analysis supported Freitag et al.'s study, because X. laevis genes used in their study were assigned to group ␥ and in our classification, which contained mammalian and fish genes, respectively. (These X. laevis genes are not included in Fig. 1B , because they are partial, but we confirmed they are closest to group genes by homology search. Four X. laevis group genes in Fig. 1B are from ref. 22.) Moreover, many studies supported the view that mammalian OR genes are grouped into class I and II genes (4) (5) (6) 9) . Our current analysis is also consistent with this view, because mammalian class I (group ␣) and II genes (group ␥) were clearly separated in Fig. 1B . Therefore, this portion of Fig. 1B is not inconsistent with previous studies. However, classification of all vertebrate OR genes into two classes would not be appropriate, because Fig. 1B indicated that class I genes have originated from at least five ancestral genes in the MRCA between fishes and tetrapods, whereas class II genes are likely to have originated from one ancestral gene. Moreover, as we have mentioned, the function of class I genes was unclear, because both fishes and mammals have a substantial number of class I genes. According to our new classification, however, OR genes belonging to each group are likely to be specific to either water-soluble or airborne odorants. Therefore, our classification of OR genes appears to be more reasonable than the previous one from both evolutionary and functional aspects. Our hypothesis of the functional specificity of each group of genes, however, should be tested experimentally. One way to test this hypothesis might be to examine the difference in gene expression pattern at the whole-genome level between larval and adult amphibians.
